Intact, metabolically active rumen protozoa prepared by gravity sedimentation and washing in a mineral solution at 10 to 15°C had comparatively low proteolytic activity on azocasein and low endogenous proteolytic activity. Protozoa washed in 0.1 M potassium phosphate buffer (pH 6.8) at 4°C and stored on ice autolysed when they were warmed to 39°C. They also exhibited low proteolytic activity on azocasein, but they had a high endogenous proteolytic activity with a pH optimum of 5.8. The endogenous proteolytic activity was inhibited by cysteine proteinase inhibitors, for example, iodoacetate (63.1%) and the aspartic proteinase inhibitor, pepstatin (43.9%). Inhibitors specific for serine proteinases and metalloproteinases were without effect. The serine and cysteine proteinase inhibitors of microbial origin, including antipain, chymostatin, and leupeptin, caused up to 67% inhibition of endogenous proteolysis. Hydrolysis of casein by protozoa autolysates was also inhibited by cysteine proteinase inhibitors. Some of the inhibitors decreased endogenous deamination, in particular, phosphoramidon, which had little inhibitory effect on proteolysis. Protozoal and bacterial preparations exhibited low hydrolytic activities on synthetic proteinase and carboxypeptidase substrates, although the protozoa had 10 to 78 times greater hydrolytic activity (per milligram of protein) than bacteria on the synthetic aminopeptidase substrates L-leucine-p-nitroanilide, Lleucine-,-naphthylamide, and L-leucinamide. The aminopeptidase activity was partially inhibited by bestatin. It was concluded that cysteine proteinases and, to a lesser extent, aspartic proteinases are primarily responsible for proteolysis in autolysates of rumen protozoa. The protozoal autolysates had high aminopeptidase activity; low deaminase activity was observed on endogenous amino acids.
Dietary protein entering the rumen is degraded by microbial proteases to peptides and amino acids (20, 21) . Either these products are utilized directly by the microflora or the amino acids are deaminated, giving rise to short-chain acids, carbon dioxide, and ammonia (20, 21, 32, 34) . Since microbial proteinase activity initiates the sequence of reactions leading to protein degradation in the rumen (32) , the focus of several recent studies has been the characterization of these enzymes (6, 24, 38) . By the application of proteinase inhibitors, proteinases of the serine, cysteine, and metallo catalytic types were detected in rumen bacteria (6) . In another study, the predominant rumen bacterial proteinase, which was reported to be loosely bound to the bacterial cell surface and easily released by agitation of cells in buffer, was found to be of the cysteine-catalytic type (24) .
Bacteria have been reported to be primarily responsible for the degradation of plant protein, and protozoa were thought to have only a minor role in this metabolic activity (31) . Nevertheless, the rumen ammonium levels are ca. twice as high in faunated than in protozoa-free sheep (16) . Furthermore, the incorporation of nitrogen into microbial cells in the rumen was found to be almost twice the outflow of microbial nitrogen (30) , indicating extensive degradation and reutilization of microbial cells within the rumen, which has been attributed primarily to the predation of bacteria by protozoa (14) . Ciliate protozoa engulf rumen bacteria and excrete amino acids and ammonia (11, 12) . However, with the exception of preliminary work by Abou Akkada and Howard (1) and Naga and El-Shazly (28) um, respectively, no attempt has been made in the past to characterize the proteolytic enzymes of rumen protozoa. Therefore, the objective of this investigation was to tentatively characterize the major types of proteases of rumen protozoa by using protease inhibitors and synthetic protease substrates.
MATERIALS AND METHODS
Collection and fractionation of rumen contents. Rumen contents were obtained from two rumen-fistulated, nonlactating Holstein cows fed twice daily with rations consisting of 5 kg of alfalfa hay plus 1 kg of a corn-based concentrate and water ad libitum. One animal was used for all studies except those specifically indicated. Rumen contents were collected ca. 3 h after the morning feeding and were strained through two layers of cheese cloth to obtain strained rumen fluid (SRF). Cell-free rumen fluid was prepared by centrifuging the SRF at 27,000 x g for 15 min at 4°C and carefully removing the supernatant fluid.
To prepare a bacteria-free protozoa preparation, 750 ml of SRF was poured into a 1-liter separatory funnel and incubated for 1 h at 37°C to allow the protozoa to sediment. The white protozoa layer (ca. 25 ml) was collected in a 50-ml centrifuged tube and gassed with either oxygen-free N2 or an oxygen-free N2-CO2 (95:5 [vol/vol]) mixture; the tube was closed with a pressure-fit cap. Two procedures were used for washing the protozoa; in both procedures, all solutions were sparged with oxygen-free gas, and all cell suspensions were maintained in an oxygen-free environment by flushing the suspensions with gas and sealing the tubes when appropriate.
In wash procedure A, N2-gassed protozoa were centrifuged at 480 x g for 5 min at 4°C. The supernatant fluid was decanted away, and the sedimented cells were washed three times in 30-ml volumes of 0.1 M potassium phosphate buffer (pH 6.8) at 4°C by using the same centrifugation conditions. The protozoa were suspended each time by using a pipette with a large orifice to avoid shear-induced lysis. The protozoa were usually resuspended to the original volume with buffer and stored on ice. In wash procedure B, N2-CO2-gassed protozoa were centrifuged at 480 x g for 5 min at 12 to 15°C. The supernatant fluid was decanted away, and the sedimented cells were washed three times in 30-ml volumes of mineral solution D (described by Coleman [10] ). The protozoa were suspended to the original volume in mineral solution D and promptly used for assays.
Protozoa-free bacterial suspensions were prepared from SRF as previously described (6), using 0.1 M potassium phosphate (pH 6.8) as the washing and suspending buffer. The cells were suspended in buffer to give 1/10 of the original volume.
Bacterial and protozoal preparations were usually disrupted by ultrasonication (6) .
Enumeration of protozoa. Protozoa were diluted and enumerated by the method of Purser and Moir (33) . The percent of each genus in a sample was determined after surveying a sufficient number of fields to count 500 protozoa. Samples not treated with formaldehyde were examined to check for motility and integrity of the protozoa.
Assay for urease activity. The urease activity of washed bacterial and protozoal suspensions was determined by using a modification of the method of McCowan et al. (26) . The ammonia produced was determined by the phenolhypochlorite method (40) . The reaction mixture (1.1 ml) contained 0.9 ml of 0.22 M urea in 0.05 M potassium phosphate buffer (pH 6.8), made 1 mM with disodium EDTA. Reactions were started by the addition of a 0.2-ml suspension of bacteria (0.1 to 0.5 mg of protein) or protozoa (0.5 to 2.0 mg of protein). To correct for endogenous ammonia, reaction mixtures lacking urea were also assayed. Cell suspensions were flushed with oxygen-free N2, and all incubations were in sealed tubes with an N2 atmosphere at 39°C. Samples (0.2 ml) were removed from the reaction mixtures for the determination of ammonia. Protein was determined for this and all other assays by the method of Lowry et al. (25) by using the modification for insoluble proteins. Specific activity was expressed as micromoles of ammonia produced minute-1 milligram of microbial protein-1.
Analysis of Dpm in bacterial and protozoal fractions. Samples (25 ml) of washed bacterial and protozoal suspensions with ca. 5 mg of protein ml-1 were each mixed with an equal volume of 10% (wt/vol) cold trichloroacetic acid (TCA), and the cells were centrifuged at 27,000 x g for 10 min at 4°C. The sediments were washed twice with 20-ml volumes of cold 5% (wt/vol) TCA, followed by three washes in absolute ethanol. No protein was lost during the alcohol washes. The washed sediments were suspended in water and lyophilized. Samples (8 to 10 mg) of the lyophilized preparations were hydrolyzed with 3 M hydrochloric acid for 16 h at 121°C, as described by Ibraham et al. (22) . The hydrolysates were lyophilized, each was dissolved in 4 ml of 0.2 M sodium citrate buffer (pH 3.25), and 0.25-ml volumes were analyzed for diaminopimelic acid (Dpm) with an amino acid analyzer (model 119B; Beckman Instruments, Inc., Fullerton, Calif.). Dpm concentration was expressed in micromoles 100 mg of lyophilized cells-1.
Proteinase assays with azocasein. The assays were conducted as described by Brock et al. (6) . To determine the effect of pH on azocasein hydrolysis, the buffers used were 0.1 M citrate (pHs 5 Amino nitrogen determination. Amino nitrogen consisting of amino acid nitrogen and ammonia nitrogen was determined by the trinitrobenzenesulfonic acid (TNBS) method described by Fields (17) , except that after addition of TNBS, the tubes were incubated at 21 to 23°C for 40 min instead of for the recommended 5 min. A 2-ml volume of 0.1 M NaH2PO4-1.5 mM sodium sulfite was then added. The chromogenic derivative of ammonia has an extinction coefficient in this assay (41) the concentrations present in the reaction mixture. Color production in the phenol-hydrochlorite assay for ammonia was inhibited by DMSO and Tris buffers; therefore, the ammonia in samples containing these compounds was distilled, and the distillate was analyzed by using the TNBS reagent with ammonium sulfate as the standard. The proteinase inhibitors at the concentrations used, with three exceptions, had no significant effect on the background color production or on the extinction of leucine or ammonia in either the TNBS or phenol-hypochlorite assays, respectively. e-Aminocaproic acid enhanced color in the TNBS assay by 13%, whereas dithiothreitol (DTT) and N-tosyl-L-lysine chloromethyl ketone (TLCK) caused 17 and 21% inhibition, respectively, of color production in the phenol-hypochlorite assay for ammonia. Appropriate corrections were made to account for these effects.
Protease assays with synthetic substrates. Amino acid arylamidase activity was assayed using L-leucine-p-nitroanilide hydrochloride at a final concentration of 1.07 mM as described by Appel (2) . Aminopeptidase activity was measured by using both L-leucyl-p-naphthylamide (2) at a final concentration of 0.4 mM and L-leucinamide (2) in 0.1 M potassium phosphate buffer (pH 6.8) at a concentration of 10 mM.
The amounts of bacterial and protozoal proteins added to the assay mixtures ranged from 1.0 to 5.0 and 0.1 to 0.5 mg of protein per assay, respectively. All assays were conducted at 39°C with a N2 atmosphere. The incubation period was 2 h for L-leucine-p-nitroanilide hydrolysis and for L-leucyl-pnaphthylamide hydrolysis. The p-nitroaniline or ,-naphthylamide released during hydrolysis of these substrates was determined by diazotization and coupling to N,N-(1-naphthyl)ethylenediamine dihydrochloride (2) . The incubation period for L-leucinamide hydrolysis was 1 h. Leucinamide hydrolysis was stopped by addition of an equal volume of 10% TCA (wt/vol). The sample was then centrifuged, and the supernatant fluid was assayed for ammonia by the phenolhypochlorite assay (40) .
Proteinase activities were measured as described by Fritz et al. (18) , with N-benzoyl-DL-arginine-p-nitroanilide (BAPNA) and N-3-(carboxypropionyl)-L-phenylalanine-pnitroanilide (CPPN) as substrates and each with a 2-h incubation at 39°C under a N2 atmosphere. The amounts of bacterial and protozoal protein added ranged from 1 to 4 mg per assay. The hydrolysis of BAPNA was also tested as described by Wallace and Kopecny (38) , except a 0.1 M potassium phosphate buffer (pH 6.8) was used.
Carboxypeptidase activity was assayed as described by Appel (2) using two separate substrates, N-carbobenzoxyglycyl-L-phenylalanine and N-(carbo-P-naphthoxy)-DLphenylalanine. Bacterial and protozoal preparations were washed twice in 0.1 M potassium phosphate buffer (pH 6.8) and then were suspended in the assay buffer. The assays were performed as recommended by Appel (2) with 2 h incubation periods at 39°C with protozoal and bacterial preparations at concentrations of ca. 3.0 and 1.5 mg of protein per assay, respectively.
Chemicals. Casein, gelatin, disodium EDTA, iodoacetate, and Merthiolate (thimerosol) were from the Fisher Scientific Co., Toronto, Ontario. Phenylmethylsulfonyl fluoride (PMSF) TLCK, e-aminocaproic acid, L-cysteine hydrochloride, DL-DTT, diazoacetyl-DL-norleucine methylester, soybean trypsin inhibitors types SBTI I-S and II-S, lima bean on July 2, 2017 by guest http://aem.asm.org/ Downloaded from SRF, whereas in another experiment, Entodinium spp. accounted for 46% of the total protozoa, and Isotricha spp. and Dasytricha ruminantium were present in higher numbers. Nevertheless, in both experiments, the types present in the washed preparation were representative of those in SRF. All protozoa in the washed preparation appeared to be intact when examined by phase-contrast microscopy, and no protozoa were lost during the washing procedure.
To estimate the degree of bacterial contamination of washed protozoa (prepared by the procedure described in this paper), three separate batches of protozoa were prepared at weekly intervals. Rumen bacteria were also prepared on each of these occasions. Each preparation was assayed for urease activity and Dpm content. Protozoal urease activity ranged from 0.002 to 0.004 ,umol of urea hydrolyzed min-' mg of protein-'. Protozoa contained less than 0.01 pumol of Dpm 100 mg of protein-', whereas bacteria contained 4.2 to 5.8 ,umol of Dpm per 100 mg of protein-'. On the basis of urease activity, the protozoal fraction appeared to be contaminated with ca. 2.5% bacteria, whereas on the basis of Dpm content, it appeared to be contaminated with less than 0.2% bacteria.
Proteolytic activity of rumen protozoa. When gravity-sedimented protozoa were washed with buffer to remove cosedimented bacteria, 28% of the proteolytic activity on azocasein was lost in the first wash supernatant, 5% was lost in the second wash, and practically none was lost in the third. Proteolytic activity lost during the first wash was sedimentable at 17,000 x g and was due to bacteria.
The effect of the microbial concentration on the rate of azocasein hydrolysis was determined for rumen bacteria and protozoa preparations. The extent of azocasein degradation by bacteria was proportional to bacterial protein concentration as previously observed for disrupted bacteria (6) . However, degradation of azocasein by protozoa was not perceptibly increased by protozoal protein concentrations of greater than 1.4 mg per assay. There was no perceptible pH optimum when a protozoa preparation was assayed on azocasein at pH values from 5.0 to 9.0, however, and the activities were low. Examination by phase-contrast microscopy of protozoa that had been prepared in phosphate buffer and stored on ice revealed extensive cell lysis after the cells were warmed to 39°C. Thus, the nonlinear relationship between protozoa concentration and extent of azocasein hydrolysis probably was explained by dilution, by protozoal protein released during cell lysis, of azocasein, which could also serve as a protease substrate.
To prevent the problem of cell lysis, protozoa were washed (procedure B, at 10 to 15°C) and assayed for protease activity in mineral solution D and gassed with N2-CO2 (95:5 [vol/vol]) (10) . This mineral solution has been used by Coleman for studying the engulfment of bacteria by protozoa (13) as well as other metabolic studies (10, 12) . Protozoa appeared to remain motile and intact in this buffer for at least 2 h, and the protozoal numbers remained constant when the protozoa were incubated without added substrate. Protozoa prepared in this manner and assayed with azocasein as the substrate had less than one-tenth of the proteolytic activity of washed rumen bacteria.
To improve the sensitivity of the protease assay and to avoid the apparent interference by cellular proteins as encountered with the azocasein assay, proteolysis was assayed by the increase in amino nitrogen from protein. Table 1 summarizes the data on the influence of the washing and assay procedure on the proteolytic activity of protozoa isolated from one cow. Similar results were obtained with protozoa collected from a second cow. Intact protozoa suspended in mineral solution D had comparatively low endogenous proteolytic activity, and all amino acids produced were deaminated, giving rise to ammonia. Addition of casein led to increased proteolytic activity with a lower proportion of amino acids being deaminated to form ammonia. Sonication of the mineral solution D-washed protozoa for two 15-s intervals caused enhanced proteolysis and deamination, presumably because the proteases were able to act on cellular proteins.
Preliminary studies revealed that protozoa washed with 0.1 M potassium phosphate buffer autolysed more readily during incubation at 39°C if they either were washed at 0 to 4°C or were stored on ice before being assayed at 39°C. Storage on ice for 2 h before being assayed gave rise to the highest proteolytic activities in both the presence and absence of added casein ( Table 1 ). The proteolytic activity of sonicated protozoa was higher than that of autolysed protozoa only for those assayed immediately after washing in potassium phosphate buffer. The added casein substrate enhanced proteolysis by 35 to 49%. The extent of proteolysis was the same in either the presence or absence of 100 ,ug of chloramphenicol ml-' in the assay mixture. Furthermore, the low urease activity of the protozoal preparation did not increase during the protease assay in either the presence or the absence of added casein. This precludes the possibility that bacterial growth during the assay could have contributed to the proteolytic activity.
Of the amino compounds released during proteolysis, 13 to 17% were deaminated, releasing ammonia. As indicated above, the assays for amino nitrogen and ammonia production were corrected for the low levels of these components present in washed protozoa. The amino nitrogen concentrations in protozoa washed in either potassium phosphate buffer or mineral solution D were similar, ranging from 0.02 to 0.12 ,umol of amino nitrogen mg of protein-'. Ammonia concentrations were also similar in protozoa washed in either solution, ranging from 0.02 to 0.05 ,umol of NH4 mg of protein-'.
The proteolytic activity of protozoa autolysates was determined by using five different substrates (Table 2) . Azocasein, casein, and soy protein were degraded at similar rates, and they were more readily degraded than hemoglobin and gelatin. The difference in protease activities between the protozoal preparations in Tables 1 and 2 was not due to incomplete autolysis; ultrasonically disintegrated preparations exhibited similar activities. Therefore, the difference in activities was probably attributable to a shift in the rumen ) ' 4 Incubation Time ( h ) (8) and therefore could potentially enable a more reliable estimation of amino acid production from protein (Fig. 1A) . The endogenous production of amino nitrogen in the absence of DIC was similar to that in its presence up to 2 h of incubation. Beyond 2 h, more amino nitrogen was produced in the presence of DIC. This difference was not tightly linked with ammonia production, since the extent of ammonia production was similar in the presence and absence of DIC.
The endogenous proteolytic activity of bacteria (Fig. 1B ) provided an interesting comparison with the protozoa. The bacteria appeared to remain largely intact during incubation in 0.1 M potassium phosphate buffer (pH 6.8). They exhibited ca. one-tenth of the amino nitrogen production of the protozoa. The inclusion of DIC prevented the loss of amino acids as a result of deamination during the extended incubation. 
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Effect of proteinase inhibitors on endogenous proteolysis and ammonia production. Effective synthetic inhibitors (Table 3) of endogenous amino nitrogen production by autolysed protozoa included TPCK, TLCK, and iodoacetate, whereas Merthiolate and diazoacetyl-DL-norleucine methylester plus copper were slightly less inhibitory. PMSF did not inhibit amino nitrogen production. EDTA either caused slight stimulation of proteolysis or had no effect, even at 10 mM. DTT was slightly inhibitory, whereas cysteine was stimulatory. e-Aminocaproic acid did not affect amino nitrogen production.
Diazoacetyl-DL-norleucine methylester plus copper inhibited ammonia production most effectively (50.1%) ( type, inhibitor concentration, and accessibility. When these three inhibitors were tested either alone at 20 ,ug ml-' or in pairs (each at 10 ,ug ml-') there were no significant differences in the inhibition of endogenous proteolysis among the treatments. Leupeptin (50 ,ug ml-') and pepstatin (250 ,ug ml-') were also tested alone and in combination for their inhibitory affect on endogenous proteolysis. Leupeptin caused 73% inhibition, pepstatin caused 12% inhibition, and the combination of the two inhibitors caused 73% inhibition. To determine whether the proteinase inhibitors were completely accessible to the proteinases in the protozoa autolysates, the effect of disrupting the protozoa on the susceptibility of endogenous proteolysis to proteinase inhibitors was determined. A low antipain concentration (10 ,ug ml-') was used to avoid saturating the assay system and thereby improve the sensitivity of the assay. Disrupting the protozoa increased the accessibility of the proteinases to antipain by 15%.
A number of inhibitors were tested for their effect on amino nitrogen production from casein by autolysed protozoa. The data was corrected for endogenous proteolytic activity. Iodoacetate (1.0 mM) inhibited amino nitrogen production by 45%, EDTA (1.0 mM) stimulated amino nitrogen production by 17.2%, and leupeptin (50 jig ml-') inhibited amino nitrogen production by 29%. Therefore, a similar inhibition profile was observed for caseinolytic proteinase activity as was observed for endogenous proteolytic activity.
Protease activities of rumen bacteria and protozoa on synthetic substrates. To provide a more complete characterization of protease activities of rumen protozoa, a number of synthetic proteinase, aminopeptidase, and carboxypeptidase substrates were tested with untreated and ultrasonically disrupted rumen bacteria and protozoa (Table 5 ). The proteinase substrates BAPNA and CPPN were hydrolyzed at similar rates by bacteria and protozoa. BAPNA hydrolysis was also assayed at a later date in 0.1 M potassium phosphate buffer (pH 6.8) containing 10% (vol/vol) DMSO (38) . The inclusion of DMSO enhanced the solubility of BAPNA allowing a 6.5-fold-higher substrate concentration. The rates of hydrolysis of BAPNA were still similar to those reported in Table 5 . The leucine aminopeptidase substrates L-leucinep-nitroanilide, L-leucyl-,-naphthylamide, and L-leucinamide were hydrolyzed between 10 and 78 times more rapidly by protozoa than by the bacteria. Ultrasonically prepared cell extracts exhibited higher aminopeptidase activity than untreated cells. For carboxypeptidase assays, the substrates N-carbobenzoxy-glycyl-L-phenylalanine and N-carbo-pnaphthoxy-DL-phenylalanine were used. The former was hydrolyzed by both bacterial and protozoal preparations at similar rates. The latter substrate was hydrolyzed very slowly by both bacteria and protozoa. All substrates were at saturating concentrations as indicated by the linear responses to 5-fold increases in microbial protein concentrations added to the assay mixtures.
To determine whether the much higher aminopeptidase activity of the protozoa, in relation to that of the bacteria, was due to a difference in pH optima of the enzymes, Lleucyl-3-naphthylamide hydrolysis was assayed over a pH range of 4.0 to 8.0 by using whole cells of bacteria and protozoa. There was increased aminopeptidase activity at the higher pH values for both preparations. Added Mg2+ (1 mM as MgSO4) did not enhance the enzyme activity in either preparation at pH values of 5.0 in sodium acetate buffer, 6.5 in potassium phosphate buffer and 8.0 in Tris buffer. The leucine aminopeptidase inhibitor bestatin, at concentrations of 10 and 100 Rg ml-' in the reaction mixtures inhibited Lleucyl-4-naphthylamide hydrolysis by protozoa autolysates by 13 and 32%, respectively. DISCUSSION Rumen protozoa appear to have an important role in recycling of microbial protein in faunated ruminants (11, 12) . They utilize bacteria as a source of nitrogen releasing free amino acids and ammonia into the culture fluid (9) . During incubation, the protozoa Entodinium caudatum (1) and Eudiplodinium medium (28) Endogenous proteolysis in autolysates of protozoa was stimulated by cysteine (31%) and inhibited by TPCK (73%), TLCK (60%), diazoacetyl-DL-norleucine methylester plus copper (50%), iodoacetate (63%), and thimerosol (42%). Cysteine stimulates, whereas the other compounds inhibit, proteinases of the cysteine catalytic type (3, 4, 27) . PMSF, SBTI, and LBTI had no inhibitory effect on proteolysis, suggesting the absence of serine proteinase(s). EDTA, DTT, and phosphoramidon had little or no inhibitory effect indicating the absence of metalloproteinase activity (3, 27, 37) . The inhibitory effect of pepstatin A (up to 44%) suggested the presence of aspartic proteinase activity (37) . The high concentration of pepstatin A (500 ,ug ml-) required for inhibition at pH 6.8 may have been due to a reduced effect at a pH above the optimum of the inhibitor (23) . However, the observation that the inhibitory effect of leupeptin was equal to the combined effect of leupeptin plus pepstatin A may indicate that pepstatin A was inhibiting proteinase activity other than that of the aspartic-catalytic type. Leupeptin On the basis of the criteria reviewed by Barrett (3, 4) , the major proteinase(s) in rumen protozoa are likely to be of the cysteine-catalytic type and are responsible for 60 to 70% of endogenous proteolytic activity, with limited activity of an aspartic-catalytic type of proteinase. The proteolytic activities of Entodinium caudatum (1) and Eudiplodinium medium (28) were shown to be stimulated by cysteine, suggesting that they possessed cysteine proteinases as well. Proteinases of rumen bacteria include serine, cysteine, metallo-, and aspartic types (6, 24) . The quantitative distribution of types of proteinases present in the rumen undoubtedly is dictated by the diet which enriches for the various metabolic groups of microorganisms present. In view of the decisive results of Kopecny and Wallace (24) , which indicate that all easily releasable bacterial proteinase(s) are of the cysteine type, their results may indicate that cysteine proteinases are usually the predominant catalytic type. This contention is supported by the great inhibitory effect (71%) of 5 mM Merthiolate (a mercaptide-forming agent) observed by Brock et al. (6) . However, there is concern that the chemical inhibitors may lack specificity at high concentrations (3). High concentrations of inhibitors are needed presumably because of the high microbial protein concentration. With this qualification in mind, the bacterial and protozoal proteinases would appear to be predominantly cysteine proteinases. Speculation about the teleological reason for this similarity in catalytic types between the two groups of organisms is interesting, and it has been suggested that cysteine proteinases are primarily involved in a digestive function (39) . Undoubtedly, the low oxidation-reduction potential in the rumen (32) would prevent their selective elimination from the rumen environment, although cysteine proteinases are not limited to anaerobic environments. Lysosomes in eucaryotes are reported to possess all four catalytic classes of proteinases with the cysteine (thiol) and aspartic (carboxyl) types being of great importance (5, 15) . Aspartic proteinases have also been detected in lysosomes of the holotrich ciliate Tetrahymena spp. (29) . Undoubtedly many more distinct proteases will be identified in rumen protozoa since lysosomes alone are reported to have a multiplicity of proteases (5) . The role of energy metabolism in proteolysis will also require consideration because of the probable presence of ATP-dependent proteases and the ATP-mediated ubiquitin pathway of protein degradation (19) . Undoubtedly, much more research is required to achieve a comprehensive knowledge of the ciliate proteolytic enzyme systems.
Measurement of protozoal protease activity, using synthetic substrates for proteinases, aminopeptidases, and carboxypeptidases, confirmed the presence of low trypsin-and chymotrypsin-like activities in both bacteria and protozoa, high aminopeptidase in protozoa, and low carboxypeptidase in both bacteria and protozoa. The substrate BAPNA used for measuring proteinase activity is hydrolyzed by papain (a cysteine proteinase) as well as trypsin (36) , indicating that it is a more general substrate. The low hydrolytic activity of protozoa on BAPNA may have been partially due to the use of DL-BAPNA, since D-BAPNA which is not hydrolyzed by trypsin and papain, competitively inhibits the hydrolytic activity on L-BAPNA (36) . The inhibitory effect of bestatin, an aminopeptidase inhibitor, on L-leucine-3-naphthylamide hydrolysis, confirms the presence of aminopeptidase activity (37) rather than amino acid arylamidase activity (2) .
With the exception of intact protozoa incubated in the absence of substrate, all preparations deaminated up to 26% of the amino acids produced by proteolysis. The compound DIC, which is known to inhibit deamination of amino acids (8) , slightly enhanced amino acid production by protozoa in an extended proteinase assay (beyond 2 h), without a decrease in ammonia production. In contrast, it effectively blocked endogenous deamination of amino acids in bacteria. Deamination of amino acids produced during proteolysis was inhibited by all chemical agents blocking proteolysis, including TPCK, TLCK, diazoacetyl-DL-norleucine methylester plus copper, and Merthiolate. Whether this was due to inhibition of deamination or to the inhibition of proteolytic enzymes which resulted in a lower concentration of substrate available for deamination was not determined, although the latter is very likely in most cases. In contrast to these agents, phosphoramidon, which is a metalloproteinase inhibitor (37), had almost no inhibitory effect on proteolysis, but at 500 ,ug ml-' it caused 83% inhibition of deamination.
Phosphoramidon is expensive, which precludes extensive use of it as a deaminase inhibitor. Perhaps chemical modification of the molecule would result in a more active derivative, thereby reducing the concentration required. The question arises as to its effect on amino acid deamination by rumen bacteria (34) since previous tests conducted with this inhibitor were carried out using azocasein as the substrate (6), and therefore no data on ammonia production was obtained.
The active cysteine proteinase(s) with a pH optimum at ca. pH 5.8 (a pH similar to that reported for maximum engulfment of mixed rumen bacteria by an Entodinium sp. [13] ), in conjunction with a high aminopeptidase activity and limited deaminase activity may be the key metabolic properties responsible for excretion of amino acids by protozoa. This speculation undoubtedly will come under intense scrutiny as more researchers focus on the biochemistry of nitrogen metabolism in protozoa, in the continuing endeavor to characterize in greater detail the role of protozoa in protein turnover in rumens (35) .
